Histidine decarboxylases from Klebsiella planticola and Enterobacter aerogenes were purified to homogeneity and compared with the histidine decarboxylase from Morganella morganii. All three enzymes required pyridoxal 5'-phosphate as a coenzyme, showed optimal activity at pH 6.5, decarboxylated only histidine among the amino acids derived from protein, and were tetramers or dimers of identical subunits. Amino-terminal sequences of the three enzymes showed up to 81% homology through residue 33, but the enzymes differed sufficiently in amino acid composition and sequence so that no cross-reaction occurred between the K. planticola or E. aerogenes enzymes and antibodies to the decarboxylase from M. morganii. All three enzymes were inhibited by carbonyl reagents; by amino-, carboxyl-, and some methyl-substituted histidines; and by a-fluoromethylhistidine. These decarboxylases, all from gram-negative organisms, differed greatly in subunit structure, biogenesis, and other properties from the pyruvoyl-dependent histidine decarboxylases from gram-positive organisms described previously.
Inducible histidine decarboxylases (HDCs) of two types are known. The purified enzymes from four different grampositive organisms of three different genera have all proved to be oligomeric pyruvoyl enzymes (14) that differ in sequence but that contain two different types of subunits derived by an unusual process from a pyruvoylfree, enzymatically inactive proenzyme subunit (6, 11, 12, 14) . In contrast, HDC from a gram-negative bacterium, Morganella morganii, contained no pyruvoyl group, but required pyridoxal 5'-phosphate (pyridoxal-P) as a coenzyme (18) . Bacteria of both types have been implicated in histamine poisoning in humans: M. morganii in fish products (1) and Lactobacillus buchneri in cheese (23) .
HDC from M. morganii is the only pyridoxal-P-dependent HDC that has been extensively studied in pure form (18) . It is a tetramer of identical subunits (18) of known amino acid sequence (20) . To extend this comparison, we describe here the purification and comparative properties of HDCs from two additional gram-negative bacteria, Klebsiella planticola and Enterobacter aerogenes. Like the enzyme from M. morganii, both enzymes proved to be homomeric and to require pyridoxal-P as a coenzyme. These results increase our knowledge of these important decarboxylases and also extend the correlation between Gram staining properties and the type of HDC produced.
MATERIALS AND METHODS
Cultures and growth conditions. Cultures of M. morganii ATCC 35200, K. planticola ATCC 43176, and E. aerogenes ATCC 43175 were maintained by monthly transfer on brain infusion agar slants (K. pneumoniae and E. aerogenes were originally obtained from Stephen Taylor as strains T2 ST-38 and ST-40, respectively, and were sent to the American Type Culture Collection, Rockville, Md., with his permission). For enzyme production, cultures were grown at 30°C for 24 h without agitation in a hydrolyzed casein-yeast * Corresponding author.
extract-glucose-histidine medium (18) from a 10% inoculum in the same medium.
Assay of HDC. Carbon dioxide was measured manometrically with a differential respirometer (Gibson). The main compartment of the reaction vessel contained 1 ml of buffer (0.3 M potassium phosphate [pH 6.5], 0.3 mM sodium EDTA, 0.03 mM pyridoxal-P), 0.06 ml of a freshly prepared solution (1.0 mM) of dithiothreitol, hydroxypropyl cellulose (0.5 mg), enzyme, and water to 2.4 ml. After 6 min of equilibration, the reaction was started by adding 0.5 ml of a 120 mM solution of histidine hydrochloride from one side arm. After 10 min, the reaction was stopped, and dissolved CO2 was released by adding 0.1 ml of 10 N H2SO4 from the second side arm. Occasionally, the radioactivity assay described by Tanase et al. (18) was used. Specific activity is expressed as micromoles of CO2 evolved per minute milligram.
Polyacrylamide gel electrophoresis. The procedures described by Ames (2) and Shapiro et al. (16) for polyacrylamide gel electrophoresis were used for examining the purity of enzyme preparations and for determining the molecular weights of the subunits.
Protein determination. The method described by Lowry (10) for protein determination was used after precipitation of the protein with 7% trichloroacetic acid.
Reduction with sodium cyanoborohydride. To samples (-0.5 mg/ml) of each of the native enzymes which had been dialyzed against 0.05 M potassium phosphate buffer (pH 6.5), NaCNBH3 (0.2 mM) was added until the absorption peak at 415 nm was almost entirely eliminated. In the case of E. aerogenes HDC, much less enzyme was used and the concentration of the NaCNBH3 was 2 mM. The reactions were performed in cuvettes, and the spectra were recorded before and after reduction.
Resolution of HDC. M. morganii HDC was resolved as described previously (18) . K. planticola HDC was resolved by dialysis for 22 h at room temperature against 0.1 M penicillamine at pH 5.8, followed by dialysis for 6 h at 6°C against one change of buffer A (Table 1) minus pyridoxal-P. Isoelectric focusing. Polyacrylamide disk gels were used with ampholytes covering pH ranges from 3.5 to 10 and 5 to 7 and with solutions of 0.1 M H3PO4 at the anode and 0.1 M NaOH at the cathode (24) . After the gradient had formed, electrofocusing was continued with cooling for 4 h at 400 V. The gels were sliced into 2-mm sections, and each two adjacent sections were suspended in 0.5 ml of water and allowed to stand at 6°C overnight. After the pH of each tube was read, 0.5 ml of assay buffer was added and the gel extracts were assayed for HDC activity.
Immunological methods. Rabbit antibodies to M. morganii HDC were produced as described previously for the HDC of Lactobacillus sp. strain 30a (13) , except that much reduced amounts of enzyme were used. Only 0.1 ml of the enzyme solution (34 ,ug of HDC) was injected into each footpad, and a mixture of 0.5 ml (51 jxg of HDC) and 0.5 ml of Freund complete adjuvant was injected subcutaneously into each rabbit. In subsequent subcutaneous injections without Freund adjuvant, 1 ml of solution (0.17 mg of HDC) was introduced.
Ouchterlony double-diffusion analysis was carried out in a humidified chamber on film (Gel Bond) supporting 1% agarose and 2% polyethylene glycol 6000 in 0.1 M 2-(Nmorpholino)ethanesulfonic acid (MES) buffer (pH 5.8). After 24 h at room temperature, the film strips were washed repeatedly with 0.14 M NaCl and then stained lightly with Coomassie blue.
Preparation of samples for amino-terminal analysis. Homogeneous HDC (50 to 80 ,imol) was dialyzed twice against 0.5 to 1 liter of a 1:1 dilution of buffer A (Table 1) , twice against the same buffer minus glycerol, and finally against two changes of distilled water. The samples were reduced, carboxymethylated (7) , and then sequenced on a liquidphase sequencer (890 C; Beckman Instruments, Inc., Fullerton, Calif.) equipped with an automatic converter (Sequemat P-6).
Purification of HDC. The purification of HDC from M. morganii has been described previously (18) . Its purification from K. planticola and E. aerogenes required modified procedures, which are described below. All steps were carried out at 4 to 6°C. (Table 1) ; cooled in an ice bath; and then subjected to eight consecutive 3-min sonic pulses, each of which was followed by a 30-s rest period, from a sonicator (model W-375; Heat SystemsUltrasonics Inc.) equipped with a high-gain Q horn (0.75 in [1.9 cm]) operated with a 75% duty cycle; and the output control was set at position 5. Microscopic examination indicated that there was about 95% breakage. The suspension was adjusted to pH 5.0 by dropwise addition with stirring of 2.5 N acetic acid and centrifuged for 25 min at 36,900 x g. The supernatant solution was clarified by centrifugation at 80,000 x g for 40 min and adjusted to pH 5.8 with 2.5 N NaOH.
For ammonium sulfate precipitation (step i-2), 40.45 g (40% saturation) of (NH4)2SO4 was added to the supernatant solution (179 ml) from step i-1 in small portions with stirring, and stirring was continued for 30 min after the last addition. The precipitate was discarded, and the supernatant solution (192 ml) was readjusted to pH 5.8. Additional (NH4)2SO4 (49.5 g, 80% saturation) was added with stirring as described above. The precipitate was dissolved in buffer A (61 ml) and dialyzed overnight against two changes (1,000 ml each) of buffer A.
For DEAE-cellulose chromatography (step i-3), the dialyzed solution from step i-2 was placed on a DEAE-cellulose column (5 by 34 cm) that had been equilibrated with buffer A. The column was washed with 1 liter of buffer A, and then a linear gradient of NaCl (0 to 0.4 M) in buffer A (400 ml in each reservoir) was applied. Fractions (6.6 ml) were collected at a flow rate of 2 ml/min. The pooled active fractions (142 ml) were concentrated in an ultrafiltration cell (Amicon Corp., Lexington, Mass.) and dialyzed against two 200-ml portions of buffer A.
For aminohexyl-Sepharose chromatography (step i-4), the concentrated fraction (6 ml) from step i-3 was placed on an aminohexyl-Sepharose column (1.5 by 23.5 cm), washed with 250 ml of buffer A, and eluted with an increasing linear gradient of NaCl formed between buffer A (125 ml) and 125 ml of 0.5 M NaCl in buffer A. Fractions (3.9 ml) were collected at a flow rate of 0.83 mlmin. Active fractions were pooled (61 ml).
For hydroxylapatite chromatography (step i-5), the active fraction from step i-4 was placed on a column of hydroxylapatite (1.8 by 21 cm) that had been equilibrated with buffer A. The column was washed with buffer A and then eluted with a linear gradient of potassium phosphate (0 to 0.5 M; pH 5.8) in buffer A, with 125 ml in each reservoir. Fractions of 4 ml were collected at a flow rate of 0.64 ml/min, and the active fractions were pooled (59 ml).
For chromatography on aminohexyl-Sepharose (step i-6), the enzyme solution from step i-5 was concentrated to 8 ml by ultrafiltration and placed on a column (1.5 by 23 cm) of aminohexyl-Sepharose that had been equilibrated with buffer A. After washing with buffer A, the column was eluted with a linear gradient of NaCl (0 to 0.35 M), with 125 ml in each reservoir. Fractions of 4.7 ml were collected at a flow rate of 0.57 m/min.
Results obtained by this purification sequence are given in Table 2 .
(ii) HDC from E. aerogenes. For cell breakage (step ii-i), 50 g of wet cells from S liters of medium was suspended in 200 ml of buffer B (Table 1) , cooled in an ice bath, and then broken by seven consecutive 3-min pulses of sonic oscillation, each of which was followed by a 30-s rest period, as described above for K. planticola. The suspension was centrifuged at 34,800 x g for 20 min; the precipitate was suspended in 150 ml of buffer B and sonicated again in the same manner. The two supernatant solutions were combined (369 ml).
For polymin P treatment (step ii-2), a 5% (wt/wt) aqueous solution of polymin P adjusted to pH 6.0 with HCl was added dropwise with stirring to the supernatant solution from step ii-1; 16 g of polymin P were added per 100 g of protein.
The suspension was stirred for about 30 min and centrifuged, and the precipitate was discarded.
For Sephadex filtration (step ii-3), the solution from step a This step was carried out on half of the material from step i-5; the overall yield was therefore 46%.
ii-2 (380 ml) was applied to a column of carboxymethylSephadex (30 by 5 cm) that had been equilibrated with buffer B. The column was developed with buffer B; and the active fractions were pooled, concentrated to 100 ml by ultrafiltration, and then diluted to 200 ml with water. For DEAE-Sephadex fractionation (step ii-4), the active fraction from step ii-3 was applied to a DEAE-Sephadex column (500-ml bed volume) that had been equilibrated with buffer B/2 (buffer B diluted 1:1 with water). The column was washed with 1 liter of buffer B/2 and eluted with 1 liter of a linear gradient of 0 to 0.35 M NaCl in buffer B/2. Fractions of 10 ml were collected at a flow rate of 1.12 m/min.
For hydroxylapatite fractionation (step ii-5), the pooled active fractions from step ii-4 (195 ml) were placed on a column of hydroxylapatite (1.8 by 29 cm) that had been equilibrated with buffer B and washed with the same buffer. Under these conditions (i.e., in the presence of 20 mM phosphate), only 10% of the activity was bound to the adsorbant, along with a considerable amount of inactive material; the remainder was eluted (in 7-ml fractions at a flow rate of 1.4 mlmin) with the buffer wash and collected (85 ml).
For aminohexyl-Sepharose fractionation (step ii-6), the pooled active fractions from step ii-5 were applied to an aminohexyl-Sepharose column (1.8 by 24 cm) that had been equilibrated with buffer B. The column was washed with 250 ml of buffer B, and then a linear gradient of 0 to 0.5 M NaCl in buffer B was applied (150 ml in each reservoir). Fractions of 7.3 ml were collected at a rate of 0.61 ml/min. The pooled active fractions (55.5 ml) were dialyzed twice against 1-liter portions of buffer B minus phosphate.
For rechromatography over hydroxylapatite, DEAE cellulose, and aminohexyl-Sepharose (step ii-7), the dialyzed active fraction from step ii-6 was applied to a hydroxylapatite column (1.8 by 29 cm; step ii-7a) that had been equilibrated with phosphate-free buffer B; and the column was washed with 200 ml of this buffer. The enzyme was eluted with a linear gradient of 0 to 0.5 M potassium phosphate (pH 5.8) in the same buffer, with 200 ml in each reservoir.
Fractions of 6.4 ml were collected at a rate of 0.53 ml/min; active fractions were pooled. Polyacrylamide gel electrophoresis indicated that the preparation was -95% pure. Part of it was used for amino-terminal analysis; contaminating proteins were removed from the remainder by dialysis against buffer B/2, chromatography on DEAE-cellulose (step ii-7b) as described in step ii-4, and finally by chromatography on aminohexyl-Sepharose (step ii-7c) as described in step ii-6. The pooled active fractions contained homogeneous enzyme, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Results of this purification scheme are given in Table 3 .
RESULTS AND DISCUSSION Purification of HDC from K. planticola and E. aerogenes. The procedure developed for purification of HDC from M. morganii (18) was ineffective when applied to K. planticola or E. aerogenes; the separate procedures used to obtain homogeneous enzyme from these organisms (see above) are summarized in Tables 2 and 3 . An apparent increase in yield during certain purification steps (e.g., steps ii-3 and ii-4, morganii, E. aerogenes, and K. planticola. Homologous sequences are in boxes; letters in parentheses represent tentative but probable residues.
Amino-terminal sequence, amino acid composition, and immunological properties. Each of the two enzymes gave unique amino-terminal sequences ( Fig. 1 ) with no evidence of heterogeneity, thus confirming the inference drawn from sodium dodecyl sulfate-polyacrylamide gel electrophoresis that the subunits in each enzyme were identical. Although these amino-terminal sequences were highly homologous with each other and with that of the M. morganii enzyme (81% homology through residue 33), they were not identical; and the amino acid compositions of the three enzymes varied significantly (Table 4) , especially in their content of serine, glycine, proline, and basic amino acids.
These differences are further emphasized by the results of Ouchterlony double-diffusion analysis (Fig. 2) , which show that rabbit antisera to M. morganii HDC (see above) did not cross-react with HDC from either K. planticola or E. aero- (Fig. 2) .
Requirement for pyridoxal-P. Reduction with the selective reducing agent NaCNBH3 inactivates pyridoxal-P-dependent enzymes, which contain an internal azomethine linkage, but does not inactivate the pyruvoyl-dependent HDCs, which contain a free carbonyl group (9, 13, 15, 17) . HDCs from M. morganii, K. planticola, and E. aerogenes lost 100% of their activity during this treatment (see above), whereas the pyruvoyl enzyme from Lactobacillus sp. strain 30a (13) lost no activity under the same conditions. These results indicate that HDCs from K. planticola and E. aerogenes, like that from M. morganii, are pyridoxal-P dependent. The spectra of the three HDCs are similar (the spectrum of the M. morganii HDC is given in reference 18); each shows absorbance near 415 nm, which is characteristic of pyridoxal-P enzymes. On reduction with NaCNBH3, this band disappears in all three enzymes, with an increase in absorbance near 325 nm as the P-pyridoxylidene linkage is reduced to the P-pyridoxyl group (cf. reference 5).
Resolution of the HDC from K. planticola by dialysis against penicillamine (see above) resulted in almost complete loss in activity and absorbance at 415 nm. Titration of the apoenzyme with pyridoxal-P restored the absorbance at 415 nm and activity; 1.0 mol of pyridoxal-P per mol of subunit was required for complete reactivation. The approximate Kd for pyridoxal-P, determined from a doublereciprocal plot of reaction rate versus pyridoxal-P concentration, was 12.8 nM.
Properties. Several properties of the three pyridoxal-Pdependent decarboxylases are compared in Table 5 . All three enzymes were most active at pH 6.5 and were stabilized by low concentrations of dithiothreitol and pyridoxal-P. The addition of hydroxypropyl cellulose or optimal amounts of bovine serum albumin (0.17 mg/ml) to the assay mixture increased the measured activity substantially, presumably by increasing the stability of the enzymes. This (14) , but no such role has been definitively established. The occasional occurrence of histamine poisoning in humans (1, 23) establishes the medical importance of these enzymes, which are responsible for histamine formation from histidine in food products. The fact that two very different classes of enzymes have evolved-a pyruvoyl-dependent class apparently restricted a Calculated from the DNA-encoded amino acid composition (20) . b The values for M. morganii and K. planticola were obtained essentially as described previously for arginine decarboxylase (3), except that lower protein concentrations were used and activity measurements were substituted for absorbance measurements. The value for the E. aerogenes enzyme was obtained by direct analysis for pyridoxal-P by the method described by Wada and Snell (21) . to gram-positive bacteria and a pyridoxal-P-dependent class present in gram-negative bacteria (and mammals [19, 22] )-suggests that the reaction has physiological significance that
is not yet recognized and provides an unusually clear example of independent evolution of very different proteins to achieve what appears to be a common function.
